We study the effect of substrate orientation namely ͑1120͒ and ͑0001͒ oriented crystals on defect formation in 4H-SiC. The microstructure of the various samples, as-implanted with P and annealed, were studied by Rutherford backscattering spectrometry and channeling and transmission electron microscopy in an attempt to understand the damage evolution and defect structures resulting from different crystal orientations and different implantation damage. The annealing of the damage results in a range of different defects including dislocation loops, voids and precipitates in both a-cut and c-cut crystals. For the c-cut crystals, we observe the formation of ͑a͒ Frank prismatic ͑0001͒ loops previously reported in implanted SiC, and ͑b͒ a second type of defects showing stacking fault contrast consistent with ͑i͒ pure Shockley partials and/or ͑ii͒ ͑0001͒ sheared interstitial defects bounded by a Shockley partial dislocation. A mechanism for the formation of the latter defects in SiC is proposed and the relative stacking fault energies of the proposed defects are estimated using calculated parameters for the axial next-nearest-neighbor Ising ͑ANNNI͒ spin model from the literature. For the a-cut crystal, we note the presence of two types of dislocation loops, with two habit planes, namely small dislocation loops located on the basal plane ͑0001͒ and large ͑1120͒ prismatic loops. In addition, larger conglomerated loops which do not necessarily have a ͑1120͒ habit plane and may be a larger variant of the ͑1120͒ prismatic loops are also observed in the a-cut sample. Small precipitates are observed pinned to these loops. Elemental profiling of the implanted species before and after annealing by secondary ion mass spectrometry revealed a correlation between precipitation close to dislocation networks and the agglomeration of phosphorus at certain depths.
I. INTRODUCTION
Silicon carbide is a promising semiconductor material for high power, high voltage, and high frequency devices. Until recently, most SiC devices were fabricated on the ͑0001͒ faces of SiC wafers. Recent reports of SiC research have identified a superior channel mobility for field effect devices manufactured on ͑1120͒ wafers compared to those on ͑0001͒ wafers. 1 This difference in device performance has been attributed to better crystal recovery in the ͓1120͔ direction compared to the ͓0001͔ direction.
2, 3 Yano et al. 4 proposed that a lower density of interface traps near the conduction band edge in ͑1120͒ face was the reason for the higher channel mobility. Some reports proposed that solid phase recrystallization was faster in the ͓1010͔ and ͓1120͔ directions because of the preservation of the polytype throughout the recrystallized layer which is not possible in the ͓0001͔ direction and can result in a better electrical activation of the dopants. By the same token, Schmid et al. 5 recently showed that the electrical activation of implanted P is independent of the wafer orientation. However, none of these papers have reported any understanding of the defect formation and its impact on the observed difference between the wafers.
One of the unique properties of SiC is its ability to adopt so many different crystal structures, so-called polytypes. 6 Several groups have adopted the axial next-nearest-neighbor Ising ͑ANNNI͒ spin model to understand the relative stability of various polytypes and various stacking fault configurations present in SiC. [7] [8] [9] [10] [11] [12] Pirouz and Yang 13 reported a polytypic transformation resulting from mechanical deformation of SiC. A few papers have reported the presence of 3C polytype inclusions in ͑0001͒ amorphized hexagonal SiC crystals. 2, [14] [15] [16] The observation of polytype transformation in the form of 3C lamellae has been a subject of recent interest. [17] [18] [19] [20] [21] This type of polytype transformation was first observed after oxidation and originally attributed to stacking fault formation due to interstitial precipitation, similar to the mechanism of oxidation induced stacking fault formation observed in silicon crystals. The polytypic transformation has been shown to occur as a result of two Shockley partials gliding on neighboring basal planes, creating a region of 3C-lamellae between them. 18, 19, 22 Several studies have reported that the pure Shockley partials propagate to the surface when the device is under bias resulting in device failure. 18, 23, 24 This structural instability was also observed in heavily n-type doped epilayers, an indication perhaps that the formation of Shockley stacking faults and polytypic transformation are inherent properties of the SiC crystal in agreement with the large number polytypes displayed by SiC. In this study, we compare the effect of damage accumulation and extended defect formation on the observed differences between two crystal orientations ͑0001͒ and ͑1120͒.
II. EXPERIMENT
The substrates used in this study were n-type 4H-SiC substrates obtained from Cree Research in two different orientations namely ͑0001͒ and ͑1120͒ with doping levels of the order of 10 18 cm −2 . These wafers were implanted using the NEC Tandem accelerator at the Australian National University with 400 keV P + at room temperature to a dose of 1 ϫ 10 15 cm −2 . The projected range of the ions as calculated by SRIM 2003 ͑Ref. 25͒ is around 3300 Å. In order to minimize channeling, 26 the ͑0001͒ wafers were implanted normal to the wafer which, due to the miscut of the wafer, is equivalent to a tilt of 8.5°in the ͑1100͒ plane whereas the ͑1120͒ wafers were implanted with a tilt of 8°in the ͑1100͒ plane. The various samples were then annealed at either ͑a͒ 1300°C for 15 min in a graphite boat using a conventional alumina tube under Ar flow or ͑b͒ 1700°C for 15 min in a graphite crucible using a rf-heated furnace. The damage evolution in the various samples was studied by Rutherford backscattering spectrometry and channeling ͑RBS-C͒ with a 2 MeV He beam and a back angle detector located at Ϸ168°from the incident beam direction. Secondary ion mass spectrometry ͑SIMS͒ using a Cameca 4f ims instrument was performed to profile P concentrations in the samples. Cross-sectional transmission electron microscopy ͑XTEM͒ samples were prepared for imaging along the ͓1120͔ and ͓1100͔ directions for the ͑0001͒ wafers and the ͓0001͔ and ͓1100͔ directions for the ͑1120͒ wafers. They were prepared by mechanical polishing ͑thickness of 10-30 m͒ using a tripod polisher and finally thinning them to electron transparency in a Gatan duo mill operated at 4 kV at room temperature. For amorphized samples, samples were milled at liquid nitrogen temperature to avoid any possible artefact that may result from solid phase epitaxy. Plan view transmission electron microscopy ͑PVTEM͒ samples were prepared for selected samples by mechanical polishing and ion beam thinning to electron transparency. Transmission electron microscopy ͑TEM͒ was carried out on a CM300 Philips instrument operated at 200 kV with conventional bright field, dark field, and weak beam imaging. Later, high magnification lattice imaging were performed using an operating voltage of 300 kV. Burgers vector analysis was carried out using the standard g · b = 0 and g · b ∧ u = 0 invisibility criteria where g is the diffraction vector, b is the Burgers vector, and u is a unit vector along the dislocation line direction.
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III. RESULTS
A. (0001) orientation
RBS analysis of the as-implanted ͑0001͒ sample shows that an amorphous layer is created by the P implant as illustrated in Fig. 1͑a͒ . From the channeling spectra for the asimplanted samples, the amorphous layer created by the P implant appears to be thicker in the ͑0001͒ crystals compared to the ͑1120͒ crystals. However, XTEM analysis of the samples showed that a buried amorphous layer of Ϸ2500 Å thickness is formed at a depth of Ϸ1600-4200 Å independent of the orientation of the wafer. Figure 2͑a͒ is a typical dark field image of the as-implanted 4H-SiC ͑0001͒ wafer, imaged with part of the diffraction ring expected for amorphized SiC. The front amorphous-crystalline ͑a-c͒ interface is very rough showing a gradual transition from crystalline to amorphous, with a transition region containing amorphous pockets in the crystalline region and crystalline regions in the amorphous region. The back a-c interface is slightly more smooth in both orientations. Swelling resulting from the formation of the amorphous layer was measured by masking the implanted region with a standard 100 mesh TEM grid and measuring the step height with a profilometer. The swelling, confined in this case to one direction, is equivalent to a 20% FIG. 1. RBS-C spectra showing the damage profile after a 400 keV P implantation and after annealing in ͑a͒ ͑0001͒ and ͑b͒ ͑1120͒ wafers.
volume expansion in the amorphous region. XTEM analysis of the ͑0001͒ wafer as-implanted with 1 ϫ 10 15 P cm −2 in the ͓1120͔ direction showed fringes characteristic of the 4H-SiC repeat layer. From the RBS results, the 1300°C anneal resulted in some recrystallization of the amorphous layer in both crystal directions ͑see Fig. 1͒ . The higher temperature 1700°C anneal resulted in a reduction in the channeling yield for both crystals but the final crystal channeling yield in the two crystals is not equivalent to that for the virgin SiC crystals. From a detailed electron microscope analysis, using Burgers vector analysis and lattice imaging, we have deduced that the defects are of the following form for c-cut crystals ͑i͒ Frank prismatic ͑0001͒ loops, and ͑ii͒ a new type of defect which may be ͑a͒ ͑0001͒ loops sheared in the basal plane and bounded by Shockley partials and/or ͑b͒ pure Shockley partials. In the next paragraphs, we present the data and arguments leading to these conclusions.
After a 1700°C anneal, the ͑0001͒ wafer shows a recrystallization of the implanted layer with various defect types. Figure 2͑b͒ is a typical bright field zone axis image of the ͑0001͒ wafer after implantation and annealing at 1700°C, showing a high density of defects. By tilting the sample, it is evident that these defects are loops, which are viewed edge on when imaged along ͓11-20͔ ͑as seen in Fig. 2͒ . From this we deduce that the defects are loops with a ͑0001͒ habit plane. Furthermore high magnification images ͑e.g., Fig. 3͒ reveal an extra plane incorporated on the basal plane, indicating that the loops are extrinsic in nature. Several papers previously reported ͑0001͒ prismatic loops in ͑0001͒ crystals after implantation and annealing. [28] [29] [30] Most of the larger defects located close to the depth of the projected range in our ͑0001͒ sample appear to be bounded by a Shockley partial dislocation and will be discussed in the next paragraph in more detail. We also observe a small number of defects with a habit plane which is not the basal plane. Further work is underway to fully characterize these latter defects. We also observe some small voids ͑Ϸ14-40 Å in size͒ at a depth of Ϸ1700-3650 Å within the previously amorphous region and some moiré fringes close to the ͑0001͒ loops, an indication of precipitation close to the loops. The ͑0001͒ wafer subjected to the 1300°C anneal ͑not shown͒ contained voids of diameter ͑Ϸ20-70 Å͒ distributed over 2300-3400 Å depth in addition to a high density of small extended defects. There is evidence of a higher density of voids compared to the 1700°C anneal, which could be due to the narrower width of distribution of voids in the 1300°C anneal compared to the 1700°C anneal. The extended defects in the 1300°C annealed sample are often smaller and in higher density compared to the 1700°C annealed sample where the defects are well-defined.
In order to investigate whether all the loops had similar geometry, Burgers vector analysis was carried out using g · b and g · b ∧ u criteria. Figure 4 is a montage of the same region as imaged in Fig. 2͑b͒ but imaged under different diffraction conditions. When imaged with g = ͓0004͔ ͓Fig. 4͑a͔͒, the loops can be divided into three regions. First, the region close to surface contains many small loops with high contrast; second, at the projected range of the ions, there are many large loops with weak contrast; third, beyond the projected range of the ions, there are many small loops with high contrast. Defects with Burgers vector parallel to ͓0001͔ or having a component parallel to ͓0001͔ would show high contrast in such an image. When imaged using g = ±͓1100͔ ͓see Fig. 4͑b͔͒ , strong contrast is seen for many large defects at the projected range of the ions where the damage accumulation is largest. Noting that invisibility requires that the products g · b = g · b ∧ u = 0, these results suggest that many of these defects at or near the projected range have b not parallel to ͓0001͔. We also note that some defects, e.g., defect X, show no contrast in Fig. 4͑a͒ but high contrast in Fig. 4͑b͒ . This is characteristic of the contrast one would expect for pure Shockley partials with 1 / 3͗1100͘ Burgers vector. On the other hand, some defects like defect Y and Z show contrast in both images, an indication of a Burgers vector with components along both the ͗0001͘ and the ͗1120͘ directions.
The defects located far from the projected range ͑both close to the surface and deeper than the projected range͒ show strong contrast in g = ͓0004͔ ͓Fig. 4͑a͔͒ and very little contrast in g = ±͓1100͔ ͓Fig. 4͑b͔͒, consistent with the contrast expected for prismatic loops. The fact that the loops do not show complete invisibility using g = ±͓1100͔, as would be expected for a prismatic loop, can be explained by the fact that it is very difficult to obtain a perfect weak beam image using this reflection as the ͑0001͒ systematic row of reflections is always present. Because of this, it is not clear if the contrast observed in XTEM from g = ±͓1100͔ can be interpreted as a true identification that the defects have a Burgers vector component in the basal plane. However, TEM analysis of prismatic loops in this orientation showed faint contrast when imaged using g = ±͓1100͔. Figure 4͑c͒ showed that most defects are invisible and some weakly visible when imaged using g = ͓2110͔. This contrast will be discussed in greater detail later. Tilting the sample far from the ͓1120͔ zone axis, and imaging with g vector ͓1101͔ revealed fringe contrast consistent with stacking fault contrast ͓Fig. 4͑d͔͒, suggesting that the loops are faulted. This stacking fault contrast is also visible when imaged with g = ͓1100͔ and the periphery of these defects shows very little contrast in most cases.
TEM analysis of the plan view sample allows the loops to be viewed normal to their plane. Figure 5 shows the same region of the plan view sample imaged under different diffraction conditions. This region is thick enough to contain the projected range of the phosphorus implant where some of the larger defects are formed. The images with g = ͗1120͘ ͓see Figs. 5͑a͒ and 5͑b͔͒ show strong contrast for the periphery of the loops and no stacking fault contrast. In contrast, the images formed with g = ͗1100͘ type show strong stacking fault contrast ͓e.g. see Fig. 5͑c͔͒ . These two results are consistent with the bounding dislocations being Shockley partials of Burgers vector of type ͗1100͘ or with extrinsic defects having a Shockley partial component. The different contrast observed for the periphery and the interior of the loops will be discussed later. We also note that the larger defects show preferential faceting of the loops along particular crystallographic directions ͑͗1120͘ and sometimes the ͗1100͒͘. Table I gives a summary of the defects observed in ͑0001͒ wafer after the 1700°C anneal and compares the results observed in ͑1120͒ wafer discussed in the next subsection.
B. "1120… orientation
The RBS-C spectra for the ͑1120͒ wafer showed a thinner amorphous region compared to the ͑0001͒ wafer ͓see various diffracting conditions ͑a͒ g = ͓0004͔ close to the ͓1120͔ zone axis, ͑b͒ g = ͓1100͔ close to the ͓1120͔ zone axis, ͑c͒ g = ͓2110͔ close to the ͓0110͔ zone axis, and ͑d͒ g = ͓1101͔, 10°f rom the ͓1120͔ zone axis.
1͑b͔͒. However, TEM analysis of the as-implanted ͑1120͒ sample showed a buried amorphous layer of Ϸ2500 Å thickness at a depth of Ϸ1750-4200 Å similar to the ͑0001͒ sample. A typical XTEM dark field image of the sample is shown in Fig. 6͑a͒ . This discrepancy is discussed in the next section.
After the 1700°C anneal, the ͑1120͒ wafers resulted in very different defect formation from the ͑0001͒ wafers. XTEM analysis of the ͑1120͒ crystals after annealing showed some large defects elongated in the ͓1120͔ direction located at depths of Ϸ1600 Å and 3800 Å ͓see Fig. 6͑b͔͒ . These defects, visible when imaged using g = ͓1120͔, are invisible when imaged using g = ͓0004͔ as illustrated in Fig.  6͑c͒ . The defects tend to extend preferentially in a plane close to the ͑1120͒ plane parallel to the wafer surface. Plan view analysis of the sample showed that the defects are mainly on two habit planes namely ͑0001͒ and ͑1120͒. Figure 7͑a͒ shows a typical zone axis image of the sample at depths ഛ1600 Å. The circular loops located on the ͑1120͒ plane are clearly visible ͑see labeled L2 loops͒ and the ͑0001͒ loops can be viewed edge on in this geometry ͑see labeled L1 loops͒. The ͑0001͒ dislocation loops are very small in size ͑Ϸ40-120 Å in diameter͒ but much higher in density compared to the larger loops. Diffraction analysis of the ͑0001͒ loops showed them to be mainly prismatic ͑i.e., with a Burgers vector parallel to the ͓0001͔ direction͒. The dislocation loops with a ͑1120͒ habit plane had a circular shape when viewed along the ͓1120͔ and an elliptical shape FIG. 6. ͑a͒ Dark field XTEM micrograph of as-implanted 400 keV P implanted ͑1120͒ SiC wafer, ͑b͒ weak beam micrograph after annealing at 1700°C with g = ͓1120͔ close to zone axis ͓1100͔, and ͑c͒ weak beam XTEM micrograph after annealing at 1700°C with g = ͓0004͔ close to zone axis ͓1100͔.
when viewed in plan view along the ͓1100͔ ͓see Fig. 7͑b͔͒ . These dislocation loops had a typical diameter between 160 and 340 Å and usually had at least one precipitate pinned to each of them ͑see precipitate labeled P1 close to the L2 loop showing moiré fringes͒. Figure 7͑b͒ shows a typical micrograph of the sample in a thicker region of the plan view. Large tangles with a habit plane close to the ͑1120͒ plane are visible, in addition to the defects described above. The relative size of these large tangles, their geometry and the visibility under different diffraction conditions are consistent with the loops which are observed in cross section to be elongated in the ͑1120͒ plane, as discussed earlier. Small precipitates can be observed pinned to these dislocations ͓see Fig. 7͑b͔͒ . These defects are not visible when imaged using g = ͓0004͔ and g = ͓1100͔, indicating that the Burgers vector of the elongated defects is parallel to the ͓1120͔ direction i.e., perpendicular to the plane of the defect. The ͑1120͒ loops are of the same character as the larger tangles of dislocations as they show the same diffraction contrast. We also note the presence of voids of diameter Ϸ50-140 Å at a depth of about 2000-3200 Å ͑see Fig. 8͒ . The largest voids are observed in the middle of the previously amorphized region with smaller loops visible closer to the surface and deeper into the samples. The void distribution is much narrower than in the ͑0001͒ oriented wafer. The voids are circular in size and larger voids are faceted preferentially on the ͕1100͖ planes, the ͑0001͒ plane and sometimes on the ͕1120͖ planes. They are distributed roughly around the depth of the originally amorphized layer.
The ͑1120͒ wafer implanted with 1 ϫ 10 15 P cm −2 and annealed at 1300°C contained a strained defect region at a depth of about Ϸ2000-4900 Å in contrast to the 1700°C annealed ͑1120͒ sample. Figure 9 shows typical bright field micrographs of this sample. We also note that in this case, the defective region is much narrower than the defective region in the 1700°C annealed sample. In fact, the defect distribution after the 1300°C anneal corresponds to the depth of the originally amorphous region. The sample also showed some small voids with diameter Ϸ20-70 Å. The voids are predominantly circular in shape and are confined to a depth of about Ϸ2400-3700 Å. There is an agglomeration of small voids into larger voids at the higher annealing temperature, presumably caused by a process similar to Ostwald ripening as observed in the ͑0001͒ oriented wafer. We also observed some moiré fringes, which is an indication of precipitates in the implanted region.
C. SIMS results
It is interesting to note that the implanted P redistributed differently in the two crystal directions. In the case of the ͑0001͒ wafer, no significant redistribution is seen after annealing at 1300°C or 1700°C compared to the as-implanted profile ͑see Fig. 10͒ . In contrast, three peaks are observed in the P profiles of the ͑1120͒ wafer after the 1700°C anneal ͓see peaks labeled A, B, and C in Fig. 10͑b͔͒ . Peaks A and C are close to the original a-c interfaces of the buried amorphous layer. We note that the large tangles discussed earlier in the TEM examination of this region are located at the depths of the original a-c interfaces. As shown in Fig. 7͑b͒ , several precipitates are observed pinned to the large tangles and the correspondence of precipitates with the peaks A and C may well explain the agglomeration of P at these locations. These precipitates are typically Ϸ100-160 Å in diameter and in plan view are observed to be pinned to dislocation loops, sometimes circular in shape but also elongated and twisted in shape when the defect size is large enough. Trace analysis of the circular loops showed them to have a ͑1120͒ habit plane and the diffraction contrast observed for these defects are consistent with a Burgers vector perpendicular to the defect plane. These circular ͑1120͒ loops may well agglomerate and evolve into the elongated and contorted defects with many precipitates pinned to them, as they show visibility under the same diffraction conditions as the ͑1120͒ loops. The nature of the precipitates is hard to determine because of their small size. Figures 11͑a͒ and 11͑b͒ show a typical zone axis ͓0001͔ bright field micrograph and a selected area diffraction pattern of the XTEM sample. Apart from the bright spots expected from the 4H-SiC substrates, there are extra spots which do not index to 4H-SiC or 3C-SiC or 6H-SiC. Two of these extra spots are highlighted with a circle and a square. Dark field imaging selecting these two spots shows that they arise from various precipitates which are located close to the defects discussed earlier ͓see Figs. 11͑c͒ and 11͑d͒, some precipitates are highlighted with white arrows͔.
IV. DISCUSSION
A. RBS channeling and amorphization
The inconsistency between RBS spectra and TEM analysis of the the as-implanted ͑0001͒ sample is a surprising effect that needs to be discussed in more detail. Amorphization in the near surface is not expected for a 400 keV P implant and the channeling RBS spectra shows a level close to the amorphization level. This may be explained by several possible reasons outlined below.
First, simple simulations using RUMP, 31 a RBS analysis and simulation package showed that a buried P profile starting from a depth of 1600 Å will show contribution to the RBS spectra at a depth corresponding to the first 20 channels or 0.075 MeV region of the RBS spectra from the Si edge. This is concidentally where the largest discrepancy is observed. However, this effect is not observed in the ͑1120͒ wafer where the implant was identical and indeed suggests that the implanted P is not the sole contributing factor. In addition, we also implanted amorphizing doses of N in both ͑0001͒ and ͑1120͒ wafers and the channeling RBS spectra ͑not shown in this paper͒ showed a "broader" amorphous layer in the former case. In the N implanted case, there is no overlap of the spectra in the Si region as is the case with a 400 keV P and still there is a clear discrepancy between the thickness of the amorphous layer in the c and a-axis channeled spectra. This inconsistency is currently under further study.
One may speculate that the damage generated by the P implantation results in more distortion in the ͑0001͒ planes than in between the ͑0001͒ planes. Multi-axial channeling studies have noted a lower concentration of disorder accumulated along the ͓0001͔ compared to ͗1102͘ and ͗1011͘ ͑Ref. 32͒ and this discrepancy was noted to be a result of shadowing in the ͓0001͔ direction by the ͓0001͔ atomic strings. Jiang and Weber 32 also argued that the ͓0001͔ axial channeling was the best choice for studying amorphization processes. We note that the ͗1102͘ and ͗1011͘ directions are both sensitive to lattice disorder along the ͗1010͘ direction and not necessarily to lattice disorder along the ͗1120͘ direction. The latter direction has even more open channels than the ͓0001͔ direction 26 and could in fact be the most sensitive for amorphization studies. For simplicity, one can assume that the amorphization by implantation in a nonchanneled direction is independent of the wafer orientation and that the configuration of displaced atoms is the same, independent of wafer orientation. If one assumes the proposed structure of potential interstitial configuration predicted by theoretical calculations, for example the carbon split interstitial ͗100͘ and the silicon antisite in 3C-SiC, 33 the carbon split interstitial ͗100͘ creates negligible displacements of the silicon atoms in the ͗111͘ and the ͗011͘ channels, these two directions being equivalent to the ͓0001͔ and the ͗1120͘ directions, respectively, in the hexagonal crystal. The Si antisite will be partially shadowed by a string of C atoms in the ͗1120͘ direction. Likewise, the silicon split interstitials along the ͗110͘ and ͗001͘ directions shows less displacement of the Si atoms into the ͗1120͘ channels than in the ͗0001͘ axial channels. Overall, the results suggest that the interstitials incorporated in the crystal have a preferred alignment with the crystal such that significant shadowing is observed along the ͗0001͘ and ͗1120͘ directions, with the latter being the most sensitive for amorphization studies. This can explain why the channeling RBS spectra of the ͑0001͒ as-implanted sample showed a thicker amorphous layer and yet TEM analysis of the sample showed a buried amorphous region. We tentatively suggest that there is a small window of doses ͑close to the real amorphization threshold͒ where the ͓0001͔ axial channeling is not sensitive to the fact that the lattice is still ordered along the ͗1120͘ direction.
As mentioned earlier, the near surface region of the asimplanted samples is crystalline. In the case of the ͑0001͒ wafer, when viewed along the ͓1120͔ direction, the fringes associated with the repeated stacking in the c direction could be observed in the near surface region, which is an indication of the preservation of the near surface region. These crystalline regions and the crystalline pockets in the amorphous regions may well be seeds for recrystallization of the subamorphous regions in the crystals. The amorphization of SiC has been shown to be accompanied by a significant swelling and this was explained by a difference in density between crystalline and amorphous regions. 34 In the first stage of recrystallization, the previously amorphous layer experiences a dramatic change in density with extra volume which is accomodated by the formation of voids. This explains why the voids are located in the region where the crystals was previously amorphous. It may also explain the strain observed in this region after the 1300°C anneal, especially in the ͑1120͒ crystal. Higher temperature annealing results in higher diffusion of interstitials and vacancies. While some annihilation of vacancies and interstitials may occur, there is a ripening process for both vacancy and interstitial defects, thus explaining the larger size and lower density of voids and extended defects observed.
B. Interstitial defect configuration and proposed defect reaction
Because of the various structures displayed by SiC, it is useful to consider SiC as an assembly of several corner sharing tetrahedra each composed of a carbon atom bonded to FIG. 11 . ͑a͒ Bright field zone axis ͓0001͔ micrograph of ͑1120͒ wafer implanted with 1 ϫ 10 15 cm −2 and annealed at 1700°C, ͑b͒ selected area diffraction pattern showing some extra spots which do not correspond to 4H-SiC, highlighted with a circle and a square, ͑c͒ dark field micrograph of sample selecting extra spot highlighted in ͑b͒ with a circle, and ͑d͒ dark field micrograph of sample selecting extra reflection highlighted in ͑b͒ with a square. The white arrows highlights precipitates giving rise to selected diffraction spots. ͑Note that the images are not from the same regions.͒ four different silicon atoms. 13 The tetrahedra can occupy three different positions A, B, and C and have equivalent twinned variants which we denote as AЈ, BЈ, and CЈ, respectively. Hence for a typical perfect 4H-SiC crystal, the structure is equivalent to a CABЈAЈ repeat structure as illustrated in Fig. 12͑a͒ . It has been shown that implantation results in the precipitation of an interstitial disc in the basal plane resulting in a displacement perpendicular to the basal plane and thus the dislocation loops formed by this process are bounded by Frank partial with Burgers vector of type 1/n͓0001͔. 28 For example, in the case of 6H-SiC, the dislocation loops located in the basal plane showed a contrast consistent with a Burgers vector 1 / 6͓0001͔. 28, 29 Thus for an extrinsic prismatic loop, an extra layer can be inserted into the structure e.g., a C layer between BЈ and AЈ as shown in Fig. 12͑b͒ . This configuration is a relatively high energy fault and a Shockley partial dislocation is likely to nucleate in the faulted region. 35 It may be hypothesized that the Shockley and Frank partials undergo the following reaction to form a partial of the type 1 / 12͓4403͔, 1/4͓0001͔ + 1/3͓1100͔ → 1/12͓4403͔. ͑1͒ Figure 12͑c͒ was thus created by shearing the four planes below the extrinsic loop through a displacement of 1/3͓1100͔ equivalent to a Shockley partial. We note that in the Zhdanov's notation, the original 4H-SiC structure has …2,2,2,2… stacking order, which, with the extrinsic fault, becomes a …2,4,1,2… structure, and combined with a Shockley partial, becomes a …2,3,2,2… stacking sequence. Coincidentally, we note that the different stacking sequences were observed in a previous high resolution study. 30 However, Ohno et al. 30 assigned the 2,3,2,2 sequence to the prismatic extrinsic loop. We have assigned a ͑4,1͒ to the extrinsic Frank fault as in Liu et al. 18 An enlargement of one extrinsic loop shown in Fig. 3͑b͒ shows a stacking order of …2,4,1,2… . As mentioned, this is consistent with the ͑0001͒ prismatic loop which is also present in the sample.
We note that the presence of Shockley partials bounding loops has been observed in Ge implanted SiC. 14 It is unclear at this stage why the Shockley partials have so far been observed in previously amorphized regions. However, the Shockley partials have been observed for larger loops and there may well be a threshold size above which the fault energy is too high to sustain a pure Frank partial configuration. There is also a possibility that the expansion of the lattice resulting from amorphization of this region creates a fairly strained region within the amorphous layer, thus increasing the chance of shearing on the basal plane.
We now consider three possible candidates for the observed defects: ͑i͒ ͑0001͒ prismatic loops, ͑ii͒ ͑0001͒ sheared interstitial loops, and ͑iii͒ Shockley partials. The diffraction contrast exhibited by these defects in the ͑0001͒ oriented wafer in both cross section and plan view can be analyzed through Table II which shows g · b and g · R for these defects under different operating g vectors.
͑0001͒ prismatic loops can be defined as loops with a Burgers vector b =1/4͓0001͔ or a displacement vector R 1 =1/4͓0001͔. These loops will be invisible for most g · b = 0, e.g., for g = ͓1100͔. When observed in plane, they will have a residual contrast even when g · b = 0 because of radial dilation in the plane of the loop which results in complete invisibility only for sections of the loop parallel to g. Stacking fault contrast 36 occurs if g · R n, where n is an integer. The prismatic loops will not show stacking fault contrast for any g listed in Table II ͑except for g = ͓1101͔͒ as g · R = 0. The contrast observed in Figs. 4͑a͒, 4͑c͒, and 4͑d͒ is consistent with the g · R product for prismatic loops. However, Fig. 4͑b͒ shows contrast from some defects at the depth of the projected range and this contrast cannot be explained by ͑0001͒ prismatic loops as g · b or g · R are both zero for g = ͓1100͔ ͑see Table II͒ . We note that imaging the defects with a larger tilt from the ͓1120͔ zone axis showed the contrast to be predominantly stacking fault contrast and again this is not expected for ͑0001͒ prismatic loops. The defects shown in plan view in Fig. 5 show stacking fault contrast that are also not consistent with the prismatic loops as g · R = 0 for g reflections of type ͗1120͘ and ͗1100͘ for R =1/4͗0001͘.
Let us now consider interstitial loops with a ͑0001͒ habit plane and a shear in the basal plane which can be represented by a partial Burgers vector b p of type 1 / 12͗4403͘ and a displacement vector for the stacking fault R 2 =1/12͗4403͘. The stacking fault contrast associated with these defects will be visible when imaged with g's of type ͗1120͘ ͑as g · R is zero or an integer͒ but invisible with g's of type ͗1100͘ ͑as g · R is a fraction͒.
Finally, pure Shockley partials can be represented by a Burgers vector b SP of type 1 / 3͗1100͘ and the stacking fault with R SP =1/3͗1100͘. Again for all g reflections of type ͗1120͘ , g · R SP is either zero and an integer ͑see, for example, in Table II a Shockley partial with b =1/3͓1100͔ for g = ͓2110͔, ͓1210͔ , ͓1120͔͒.
The stacking fault contrast observed in the defects in plan view is thus consistent with the g · R product for both sheared interstitial loops and Shockley partials. The visibility of the boundary of the defects in plan view is also consistent with the partials associated with both sheared interstitial loops and Shockley partials. We note that the diffraction contrast observed in the plan view ͑0001͒ oriented sample cannot differentiate between the ͑0001͒ sheared interstitial loops and the pure Shockley partials. The stacking fault contrast associated with sheared interstitial loops in cross section is consistent with the g · R stacking fault contrast observed in Figs. 4͑a͒, 4͑b͒, 4͑c͒, and 4͑d͒.
However, it is unclear why the boundary of the defects at the depth of the projected range shows very weak or no contrast in cross section. For example, when imaged with g = ͓2110͔, most of the defects are invisible ͓see Fig. 4͑c͔͒ . However, only one of three possible variants, namely with b =1/12͓0443͔, satisfies g · b = 0 and is invisible according to Table II . While this could be explained by an assymmetry between the variants, such an explanation seems unlikely. Moreover, the defects observed in cross-section when tilted to the zone axis ͑namely ͓1010͔͒ on the opposite side of the ͓1120͔ and imaged using g = ±͓1210͔ showed hardly any contrast with very few defects weakly visible which appears to rule out this explanation. Likewise the defects, when imaged using g = ±͓1100͔, show stacking fault contrast but the boundary of the defects in cross section does not show any contrast. The same argument applies to pure Shockley partials. One can only hypothesize that the displacement of the defect is so perfect that the relative boundary does not show any significant distortion in cross-section with respect to the surrounding lattice. We cannot adequately explain this inconsistency with conventional g · b visibility criteria and detailed image simulations might be needed to resolve it. While there remains this discrepancy, the most likely Burgers vectors deduced from this analysis for the defects at the projected range are 1 / 3͗1100͘ and 1 / 12͗4403͘.
It is clear from these results that, independent of the orientation of the wafer, the basal plane is the preferred habit plane for defect formation. The ͑0001͒ prismatic loops are present in both orientations but are smaller in size in the ͑1120͒ wafer. This may be due to the preferential condensation of interstitials during recrystallization of the defect layer in the plane parallel to the wafer surface. Thus, in the case of the ͑1120͒ wafer, we observe large agglomerations of interstitials on planes close to the ͑1120͒ plane with some interstitials accommodated in small loops in the ͑0001͒ plane.
C. Calculation of stacking fault energies
Cheng et al. 7 postulated that the relative stability of the different SiC polytypes can be treated theoretically using the axial next nearest neighbour Ising model ͑ANNNI͒ model. This theoretical model was expanded to calculate the stacking fault energies in SiC. 10, 12 The stacking fault energies of faults shown in Figs. 12͑b͒ and 12͑c͒ was calculated in the same way as described in Refs. 10 and 12. According to Cheng et al., 7 the total energy of a system of n layers can be written as
where E 0 is the energy of the crystal without interactions between layers and i = + 1 or −1 depending on whether the layer is up ͑↑͒ or down ͑↓͒ spin, or more specifically on whether the tetrahedron is normal ͑A, B, C͒ or twinned ͑AЈ, BЈ, CЈ͒. The J n terms represent the energies of interaction between the nth nearest neighbor planes. Because of their relatively neligible values, the interaction energy terms representing higher than third order neighboring planes interactions were not considered and Eq. ͑2͒ was thus simplified to
Thus, the energy of n layers of a perfect 4H-crystal with a 2,2 repeat layer i.e., ↑↑ ↓↓ can be calculated using Eq. ͑3͒ and is written as
The same Eq. ͑3͒ can be applied to an extrinsic prismatic fault inserted exactly in the middle of n layers as represented in Fig. 12͑b͒ . The energy of n layers containing one extrinsic prismatic fault in a 4H crystal ͓shown in Fig. 12͑b͔͒ at the ͑n +1͒ / 2 layer was calculated to be
According to Käckell et al., 10 the stacking fault energy can be written as
where A͑= ͱ 3a 2 /2͒ is the area per atom in the ͑0001͒ plane. A = 8.221ϫ 10 −20 cm −2 is the value used for the calculation. 12 Thus, the stacking fault energy associated with stacking fault ͑b͒ is calculated by substituting Eqs. ͑4͒ and ͑5͒ into Eq. ͑6͒ giving
Likewise, the energy of n layers containing the extrinsic fault shown in Fig. 12͑c͒ is
and by substituting Eqs. ͑4͒ and ͑8͒ into Eq. ͑6͒, the stacking fault energy for fault͑c͒ shown in Fig. 12͑c͒ is
Table III compares the fault energies of faults ͑b͒ and ͑c͒ using the different values of J 1 , J 2 , and J 3 as calculated by different groups. We note that fault ͑b͒ has a higher calculated stacking fault energy than fault ͑c͒ and this is independent of which set of theoretical parameters is chosen. Hence, these calculations show that the sheared interstitial defect is more favourable than the pure prismatic loops. We note that the experimental and theoretical values of the stacking fault energy reported for a ͑3,1͒ stacking faults are around 14.7 mJ m −2 ͑see Ref. 12͒ and 18 mJ m −2 ͑see Ref. 37͒ respectively, lower than those calculated for the extrinsic fault shown in Table III but not as favorable as the sheared interstitial defect.
V. CONCLUSION
In summary we have shown that the disorder created by ion implantation has a preferential alignment with the crystal such that ͗0001͘ axial channeling may show a higher level of dechanneling compared to the ͗1120͘ axial channeling. The effective recrystallization of the damage layer is shown to be different in the two cases resulting in different defect configurations. In the ͑0001͒ wafer, there is more than one type of defect formed. We observe predominantly prismatic basal plane dislocations and in addition some large defects showing a shear in the basal plane. Two possible candidates are proposed, namely pure Shockley partials and/or some ͑0001͒ sheared interstitial loops bounded by Shockley partials. The stacking fault energy calculated for the latter defects strongly supports the formation of such defects. The formation of Shockley partials and sheared interstitial loops may be the missing link between the interstitial loops and the formation of 3C inclusions observed in implanted SiC. In the ͑1120͒ wafer, the dislocation loops have two habit planes namely ͑0001͒ and ͑1120͒. The dislocation loops with a ͑0001͒ habit plane are one of the two variants observed in the ͑0001͒ wafer whereas the dislocation loops with a habit plane close to the ͑1120͒ plane show diffraction contrast consistent with a Burgers vector parallel to ͓1120͔. In both orientations, we observe the formation of voids and precipitates close to the dislocation loops. The presence of precipitates at defects will result in a reduced activation of the dopant in a semiconductor as the dopants are not electrically active. As shown in the correlation between the SIMS and TEM results, these precipitates are a consequence of agglomeration of P close to defects. The formation of precipitates needs to be suppressed in order to maximize the activation of dopants using ion implantation. The understanding of the relative stabilities of different defects and the ability to control the type of defects created by implantation will be an important prerequesite before dopant implantation can be optimized for device application in SiC.
